Abstract. In this paper, we explore a joint subcarrier assignment and power allocation with statistical delay QoS guarantees for full-duplex OFDMA systems. Effective capacity theory which evaluates wireless channel capacity from a novel view of link layer provides a theory basis for modeling the system capacity under the conditions of delay QoS constrains. After modeling the aggregate effective capacity of the system, we formulate joint subcarrier assignment and power allocation problem as a mixed integer programming problem, whose target is to maximize the aggregate effective capacity. To solve this integer programming problem, we allocate initial power on each subcarrier and decompose it into two subproblems, which are subcarrier allocation problem and power allocation problem respectively. Further, we propose an alternative algorithm to achieve joint subcarrier assignment and power allocation, which can meet the "subcarrier continuity" constraint of uplink resource allocation. Simulations have shown that the performance of our proposed scheme is favorite. Additionally, we investigate the effect of the residual selfinterference, inter-node interference (INI) and statistical delay QoS exponent on the performance of systems.
Introduction
Due to the shortage of radio spectrum, traditional radio communication systems suffer from limited channel capacity. Fortunately, full-duplex communication technologies provide an effective way to improve the spectrum efficiency via enabling a full-duplex node to transmit and receive simultaneously in the same frequency band [1] [2] [3] .
The cellular communication system with full-duplex enable physical layer calls for a redesign of resource allocation algorithms in higher layers. The resource allocation algorithms in full-duplex OFDMA systems have been studied to maximize the sum-rate by assigning subcarriers and allocating transmission power under a limited power budget. The authors in [4] [5] [6] have formulated the joint problem of subcarrier assignment and power allocation in full-duplex OFDMA networks, and developed an iterative solution that achieves local Pareto optimality. The authors in [7] have proposed a three step subcarrier and power allocation algorithm to maximize the system throughput for the OFDMA full-subcarrier based on the given QoS-driven power allocation strategy. In this way, an alternative algorithm to achieve joint subcarrier assignment and power allocation is formed.
The rest of this paper is organized as follows. The full-duplex OFDMA system model is described, and aggregate effective capacity maximization problem is formally formulated in Section 2. Our proposed subcarrier assignment and power allocation strategy are presented in Section 3. We evaluate our solution in comparison with other resource allocation schemes in Section 4. Finally, we conclude our paper in Section 5.
System model and problem formulation
In this paper, we consider a single-cell OFDMA system that consists of a full-duplex base station (BS), N half-duplex uplink nodes and M half-duplex downlink nodes. The system model is illustrated in Fig. 1 . For the OFDMA system, the entire available bandwidth is equally divided into S subcarriers, each of them with a bandwidth of B. S = {1, 2, . . . , S} is the sets of subcarriers, N = {1, 2, . . . , N} and M = {1, 2, . . . , M} are the sets of uplink nodes and downlink nodes, respectively. Each subcarrier is assumed to be perfectly orthogonal to any of other subcarriers, so there is no interference between different subcarriers. Owing to the BS operates in full-duplex mode, the BS can transmit and receive signals on the same frequency at the same time, there exists inter-node interference (INI) from uplink nodes to downlink nodes. Meanwhile, the BS is assumed to be imperfect fullduplex that exists residual self-interference. We regard the residual self-interference and INI as increasing the noise power [3] , the INI of all nodes is the same, and let BS σ and INI σ be the residual self-interference of the BS and inter-node interference (INI), respectively. 
Channel model
In this scenario, we assume that the BS has the full knowledge of channel state information (CSI). We consider a block fading channel, and the channel fading gain includes the location-dependent path loss and the fast fading effect. The channel coefficient from node n to BS, and that from BS to node m, over subcarrier s are denoted by as the SINR vector. Thus, the rate of uplink transmission can be expressed as:
The rate of downlink transmission can be expressed as:
Statistical delay-QoS guarantee
Effective capacity theory, which is proposed by Wu and Negi in 2003 [11] , is the dual problem of effective bandwidth. It characterizes the maximum constant arrival rate of a given service process under the statistical delay QoS constraint. Assume that {R[i], i = 1, 2, ...} is an ergodic stochastic service process, R[i] is the service rate of system in the i slot. Then, the effective capacity of the service process is defined as:
where the θ is the QoS exponent [12] . It should be noted that a small θ corresponds to a loose delay constraint, while a large θ indicates a stringent delay constraint.
According to (3), the uplink effective capacity can be expressed as: the downlink effective capacity can be expressed as: γ are the probability that node n and node m are scheduled on subcarrier s, respectively, if the node n and node m are scheduling,
. Then, the aggregate effective capacity of uplink and downlink can be expressed as:
For the OFDMA system, each subcarrier can only be assigned to a single node. To better express the node and subcarrier pairing, we define the uplink and downlink subcarrier assignment indication vector as 
Problem formulation
In this paper, we let P BS and P T denote the total transmission power for the BS and for uplink node n, respectively. Thus, the joint subcarrier assignment and power allocation for aggregate effective capacity maximization is formulated as: where the objective of the optimization Problem (7) is the sum of the effective capacity of in the system. Constraint (b) guarantees the limit of the total transmission powers for the node n. Constraint (c) guarantees the limit of the total transmission powers for the BS. Constraint (e), (f) and (g) guarantees each subcarrier is exclusively assigned to one uplink and downlink node.
Subcarrier allocation and power allocation scheme
The original problem P is an integer optimization problem. The subcarrier assignment and power allocation are intertwined: the subcarrier assignment is affected by the initial power, and also affects the final power allocation. In order to make the problem tractable, we first allocate initial power on each subcarrier based on the given QoS-driven power allocation strategy, then the joint allocation problem can be decomposed into two sub-problems, which are subcarrier assignment problem and power allocation problem. After that, an alternative algorithm that mixing the subcarrier assignment algorithm and QoS-driven power allocation strategy is proposed. We first describe QoS-driven power allocation strategy, and then consider the uplink and downlink subcarrier assignment algorithm.
QoS-driven power allocation
Given a certain determined subcarrier assignment pattern X * , the original optimization problem P is transformed into a power allocation problem. We target to support statistical delay QoS constraints, in view of the existing literature, the transmit power will depend on not only the channel gain but also the statistical delay QoS [10] . Then, the transmit power of node n on subcarrier s to BS can be derived as: 
Subcarrier assignment
Note that the constraints of P indicate the matching relationship between nodes and subcarriers, so we can transform P into a maximum weighted bipartite matching problem. We denoted the uplink and downlink weight matrix as W N ×S and W M ×S , respectively. The elements of W N ×S and WM ×S are 
Uplink subcarrier assignment
In this paper, we propose an iterative maximum expansion (IME) algorithm to solve the uplink subcarrier allocation problem, which meet uplink resource allocation's "subcarrier continuity" constraint. The basic idea of IME is that the maximum value is selected from all the weight values of each user on each subcarrier, and the subcarrier corresponding to the maximum weight value is assigned to the corresponding user, and then the subcarrier position is centered and to expand the resources for this user on both sides, until the extended weight of this user on the subcarrier is less than the other user and get the uplink maximum weighted matching F u .
Downlink subcarrier assignment
The Hungarian algorithm is an algorithm for solving assignment problems, the basic idea is to transform the original efficiency matrix C into a new efficiency matrix C , so that the new matrix C contains many zero elements, but the optimal solution does not change. In the new efficiency matrix C , If you can find n (equal to the order of the matrix) zero elements which different rows and different columns, you can make their corresponding ij x is equal to 1, the other ij x is equal to 0, then the solution must be the program Optimal solution.
where h (m) is the height of the node. We assume that each node is placed at an equal distance d from the BS. Fig. 2 , with more nodes, the aggregate effective capacity of each scheme increases towing to the multi-user diversity. Our resource allocation scheme can achieve a greater aggregate effective capacity than the iterative allocation scheme [6] does, and the advantages of our resource allocation scheme would be greater with the increase of the number of nodes. QoS requirements, the aggregate effective capacity reduces upon increasing the residual self-interference or INI. When statistical delay QoS exponent is very small, residual selfinterference or INI has a large effect on system aggregate effective capacity, this is because with the statistical delay QoS exponent gradually smaller, the statistical delay QoS requirements is very loose, system aggregate effective capacity is largely unconstrained by statistical delay. Fig. 5 , the aggregate effective capacity decreases with the uplink required QoS exponent and the downlink required QoS exponent. In addition, when statistical delay QoS is very loose, the system can get the maximum aggregate effective capacity.
In this paper, we investigated the joint subcarrier assignment and power allocation problem with statistical delay QoS guarantees for users in full-duplex OFDMA systems. Our joint subcarrier assignment and power allocation problem was formulated as a mixed integer programming problem whose target is to maximize the aggregate effective capacity. In order to make this integer programming problem tractable, we allocate initial power on each subcarrier and decompose it into two sub-problems, which are subcarrier allocation problem and power allocation problem respectively. Based on IME algorithm, Hungarian algorithm and QoS-driven power allocation strategy, we proposed a new resource allocation scheme to solve this aggregate effective capacity maximization problem with polynomial computational complexity. The numerical simulations demonstrated that our proposed scheme was more effective to the system effective capacity than the iterative allocation scheme in [6] , especially when the number of subcarriers and nodes was large. In addition, when statistical delay QoS was very loose, the system can get the maximum aggregate effective capacity, and compared with the very stringent requirements for statistical delay QoS, residual self-interference or INI has a greater impact on system aggregate effective capacity.
